The reaction between charcoal and water vapour at temperatures up to 700° C and at pres sures of less than 1 mm. has been studied.
The course of gas/solid reactions is generally explained as occurring in an adsorbed layer on the surface of the solid. The nature and extent of the adsorption of the reactant and product gases is often deduced from the course of the reaction without direct measurement. In the present research, by the use of low gas pressures and a solid with a large surface, an attem pt has been made to measure the adsorption of the gases separately, and to relate these to the course of the reaction.
E xperim ental
The apparatus is illustrated in figure 1. I t consists of: A , the reaction bulb (vol. 185ml.); B, the capacity bulb (vol. 940ml.), which was used to measure out charges of water vapour; C, connexion to the Macleod gauge; D, tap to reaction bulb; E, connexion leading to the analysis bulb; F, tap leading to gas storage apparatus; G, a thermocouple; H, furnace; K , tap leading to vacuum pumps.
The reaction bulb, of porcelain, was heated in an electric furnace whose tempera ture was measured by means of the thermo-couple. In the storage apparatus water and the various gases required were stored in a series of bulbs. The apparatus, except for the reaction bulb, was of soda glass. The usual precautions with regard to cleanliness that are necessary in low-pressure technique were observed. The tap K led to a Gaede mercury-vapour pump, by which the apparatus could be rapidly evacuated.
To measure the pressure of water vapour the compression stem of the Macleod gauge was heated in a hot-water bath at 100° C. The latter consisted of an electrically heated glass jacket containing water to which a small amount of soap had been added to facilitate steady boiling. Thus as the water vapour which was trapped at room temperature in the body of the Macleod was compressed into the compression stem, it was raised to 100° C, and was thus maintained above its dew-point. When used in this way with permanent gases the readings were found to be increased in the calculated ratio as compared with those read on an unheated instrument. For use with water vapour the instrument was calibrated against known pressures which were established by surrounding a portion of the main apparatus containing water by a bath held a t controlled low temperatures. In this way it was shown th a t over the range o fl5 0 to l4 0 0 x 10"3 mm. the pressure read was fairly accurately equal to 90 % of the value obtained with permanent gases. This correction was accordingly made to all readings of pure water-vapour pressures.
E F ig u r e 1
In previous work with similar apparatus (Strickland-Constable 1944) and using gas pressures ranging from 0-02 to TO mm., it had been found th at all the gases used, including NaO and C 02, obeyed Boyle's law: thus if one vessel a t a known pressure was put into communication with a second evacuated vessel, the proportional change in pressure was independent of the initial pressure in the first vessel, and of the nature of the gas. B ut this was far from the case with water vapour, of which a large proportion appeared to reside on the surface of the glass, and not in the gas phase.
Many experiments were performed to investigate the behaviour of water vapour, and as the result of these and of the work of Frank (1929) , the following conclusions were found to apply to an apparatus of the dimensions used in the present work:
When the measured pressure is very low the greater p art of the water vapour present resides on the surface of the vessel, owing to the strong adsorption of the first one or two layers of molecules. On increasing the pressure the proportion present in the gas phase increases, and over about 300 x 10_3mm. a t least half the total water is so present. As, however, the pressure approaches saturation the situation is again reversed, and an ever greater proportion resides on the glass surface. Two sets of experiments can be briefly described to illustrate these points. Hydrogen and oxygen were introduced into the analysis bulb, their pressures being measured on the Macleod. On heating the platinum filament, water vapour equal in pressure to the figures given in column 1 of table 1 should have been produced: the pressures actually observed are shown in column 2. Column 3 gives the observed as a percentage of the expected values. In another set of experiments a rather high pressure of water vapour was estab lished in a small vessel with a high surface-volume ratio, and the water vapour was then expanded into the analysis bulb. When 10mm. pressure was established in the small vessel, the pressure developed on expansion into the analysis bulb was 325 x 10~3mm., although with a permanent gas the pressure would have been only 108 x 10-3mm. The temperature corresponded to a saturation pressure of about 13 mm. A layer of water at least 20 mol. thick on the walls of the small vessel was calculated to be necessary to account for the above result.
In what follows the quantities of water vapour used are recorded by pressure measurements, though it must be remembered throughout th at the actual quantities of water present are usually more than double those corresponding to the recorded pressures, and th at the total amounts present are not even directly proportional to these pressures.
The analysis bulb and the method of using it for analyzing mixtures of CO, C02, and 0 2 have been described in a previous paper by the author (1944) . In the present work the mixture could consist of H 20, H2, C02 and CO. Although it was useless to attem pt to determine accurately the amount of H 20 present, owing to the strong adsorption on the walls of the apparatus, it was sometimes possible, by using the P 20 5 reagent tube, to obtain a minimum value. Usually, however, H 20 was first absorbed in the P 20 5, and the analysis then carried out on the dry mixture remaining as follows:
C 02 was first determined by absorption in the Sofnolite. The Sofnolite cut-off was then closed (the P 20 5 cut-off being left open throughout the analysis), oxygen was added, and the H 2 and CO were burned on the platinum filament. The fall in pressure was noted, the Sofnolite tube was then opened to absorb the C 02 formed, and a second fall in pressure was noted. These two pressure drops allow of the calculation of the amounts of CO and H 2 present. The method was found to be accurate a t pressures of over 200 x 10~3mm. At lower pressures H 2 tended to be too low and CO too high. A sample test analysis is as follows:
I t was established th at a t the temperature at which the platinum filament was heated for the combustion of the H 2 and CO, no burning of CH4 took place, so th a t the latter gas would have remained as an unbum t residue in the analysis. No methane was in fact ever founC.
The charcoal consisted of 5g. of a steam-activated coconut charcoal known as Dorsite, as used in previous experiments (Strickland-Constable 1938) .
Before giving the detailed experimental results, an outline of the general theory of the reaction which was deduced from them will be given. Most of the experiments were performed at 700° C, and this temperature will be assumed unless the contrary is specified. I t appears th at even at this temperature H 20 is reversibly adsorbed on the surface of charcoal, and this adsorption takes place very rapidly. In the adsorbed condition the water reacts with the charcoal to form CO and H 2, and these products are then desorbed. Both CO and H 2 are themselves reversibly adsorbed a t this temperature.
When therefore a low pressure of water vapour is allowed to react with a charcoal previously outgassed at a much higher temperature, the water is adsorbed and the pressure falls at once to a very low figure where it remains indefinitely. The water in the absorbed condition reacts to form CO and H 2, but these are likewise retained by strong adsorption on the surface. Only by repeating this process a number of times or by using a comparatively high pressure of water vapour does the charcoal become more or less saturated with product gases, and the sequence of events, on introducing a further charge of water vapour, is as follows:
The pressure falls at first to a rather low value and then begins to rise again. The initial fall is due to adsorption of water, and the subsequent rise to desorption of product. If a sample of the gas phase is taken early in the reaction, when only a total pressure took CO 48% found CO 46 % 400 x 10~3 mm. H 2 52 % H a 51 % R e s u l t s small amount of product has been evolved, it is found to contain a much higher proportion of H 2 than a sample taken later on, which consists largely of CO. This was one of the principal features of the reaction. The explanation appears to depend on the fact th at a t equilibrium H 2 is adsorbed much more strongly than CO; at the same time the adsorption and desorption of H 2 are far more rapid than is the case with CO, so th a t H 2 adsorption equilibrium is established very quickly, th a t of CO much more slowly. In the early stages of the reaction the H 2 will desorb more rapidly and hence be in excess in the gas phase. Later in the reaction, as adsorption equili brium is approached, CO will be in excess in the gas phase, owing to its much smaller equilibrium adsorption.
In the first set of experiments to be described the charcoal was outgassed at 1000° C, and thereafter a series of runs was carried out. In these runs a charge of water vapour was adm itted to the capacity bulb and its pressure measured on the Macleod. Tap D was then opened so th a t the capacity bulb and reaction bulb were placed in communication, and the change of pressure with time was observed. The pressure at t -0 was estimated from the original pressure in the capacity bulb, thi estimate being based on sharing experiments previously carried out at the appro priate temperature when the reaction bulb contained no charcoal. The results are given in table 2. In the first run the initial pressure was 990 x 10~3mm. The pressure fell rapidly however, and after 30 min. only about 70 x 10~3mm. were left. The residual gas consisted of H 2 and CO with little or no water vapour. The 5 g. of charcoal had therefore adsorbed 1*44ml. of water vapour (nominally calculated to n .t .p .) with the formation of little or no gaseous product. The object of these runs was to saturate the charcoal, since unless this was done no substantial amount of product gases could be obtained. Two more runs were accordingly carried out by the same method, each run being preceded by a short evacuation to remove gases left in the gas phase. At the end of the third run the gas pressure was about six times th at after the first, showing progressive saturation of the charcoal. Finally, before proceeding to the next series, a pressure of 16mm. of water vapour was established in the bulb and maintained there for 20 min.
--------■ --------------------------------------. ml. of vapour
In the next series of runs the capacity bulb was not used, the H 20 being intro duced into the Macleod alone, where its pressure was measured, before opening the tap to the reaction vessel. The volume of Macleod + reaction bulb (the latter reduced to room temperature) was only 200 ml. as compared with a total volume of 1140 ml. when using the capacity-bulb method. After opening tap D the course of the reaction was followed as before, and the results of some runs are given in table 3. The apparatus was evacuated between runs for sufficiently long to reduce the rate of gas evolution to a conveniently low value: 2 or 3 min. was usually sufficient. I t will be seen from the table th at the pressure falls during the first minute to approximately one-third the initial value, and then rises slowly. The initial fall represents the very rapid adsorption of the water vapour, and the slow subsequent rise the evolution of the products of reaction. The reaction H 20 + C = CO + H 2 demands a doubling of the initial pressure. As will be seen from the table, however, the pressures never even regain their initial values. This appeared to be due to the fact th at although the rate of desorption was high at very low pressures, it fell off rapidly as the pressure rose. Thus a considerable part of the gas produced in each run was only desorbed during the evacuation of the bulb between runs.
In other runs by the same method, samples of gas were taken for analysis (see table 4). 
-i
The time of sampling appeared to have an im portant effect on the composition of the sample. Early samples had a higher proportion of H 2 compared to later samples, as will be clearly seen in the above table. The explanation of this observation has already been given. (It will, of course, be noticed th a t the C 02 content of the early samples is higher than that of the later samples. The effect is, however, insufficiently great to account for the much larger changes in hydrogen concentration.)
In yet another type of experiment the water container was allowed to com municate with the reaction bulb until a high pressure of vapour had been established. In run 199 for instance a pressure of 18mm. of water vapour was established in the bulb. A sample was taken after 18 min., and, after removal of water vapour, the dry gases analyzed to: C 02 23 %, H 2 24 %, CO 51 %. The bulb was then evacuated for 1 min., and a sample of gas allowed to accumulate for £ min.; the dry gases in this case analyzed to: C 02 2 %, H 2 93 %, CO %. The explanation of the change in hydrogen content is the same as before: the sample taken 18 min. after the intro duction of the water vapour corresponds to the later samples of table 3, and had a low hydrogen content owing to approach to adsorption equilibrium. The sample taken immediately after a short evacuation consisted of nearly pure hydrogen owing to the high rate of desorption of the latter, as compared with CO.
That this view was the correct one was confirmed by the following further experi ments. Equal volumes of CO and H 2 were admitted to the reaction bulb a t 700° C and left for over 2 hr., a t the end of which time the pressure was 1 l|m m . A sample of the gas phase now analyzed to: C 02 0 %, H 2 8 %, CO 81 %, N2 11 %. The bulb was then evacuated for l£ min., and a further sample was allowed to collect during 2| min., which gave on analysis: C 02 1 %, CO 8 %, H 2 87 %. The 11 % of N2 recorded in the first analysis was attributed to the presence of a small amount of this gas as an impurity in the CO used. Owing to its not being adsorbed the small proportion present in the initial gas became concentrated in the gas phase as a substantial constituent.
The difference in the rates of adsorption of CO and H 2 was shown directly in an experiment in which a charge of CO was admitted to the bulb at 700° C after the charcoal had been outgassed a t 1000° C. The variation of pressure with time is shown Interaction of steam and charcoal at low pressures 7 in table 5. After evacuation for several minutes, to remove all the gaseous CO, a charge of H 2 was admitted (see table 6 ). Thus H 2 appears to be adsorbed far more quickly than CO: in the first 2 min. 360 x 10~3mm. of CO were adsorbed, as against 4258 x 10~3mm. of H 2, and this in spite of the fact th at the H 2 adsorption was taking place on a charcoal already partly covered with CO.
The difference in the total quantities which could be adsorbed was shown in a qualitative way in the following experiments: CO was admitted to the reaction bulb, which was maintained at 700° C for half an hour, during which time a fall in pressure of 2400 x 10~3mm. was recorded. The bulb was then evacuated for 7 sec.; the pres sure was now found to be 270 x 10~3 mm., and it continued to rise slowly. Thus after adsorbing 2400 x 10-3mm. of CO the equilibrium pressure is over 270 x 10~3. (It may be noted that 1mm. pressure in the Macleod + reaction bulb at 700° C is equivalent to about 0-25 ml. of gas at n .t.p .) In a similar experiment with H 2, a pressure of 8600 x 10~3mm. was adsorbed, after which the equilibrium pressure was than 200 x 10_3mm. This experiment shows th at the adsorption of H 2 is a t least three times th at of CO, and probably considerably more.
Experiments were made to show th at the adsorption of water vapour is reversible. At 400° C a pressure of 18mm. of water vapour was established in the bulb and maintained for 15 min. The bulb was then evacuated for 5 min., a time sufficient to remove very completely any gas originally present in the gas phase. During the following 30 min. a pressure of about 0-5 mm. of gas accumulated in the bulb, and this was shown to consist of over 95 % water vapour.
A very similar run a t 600° C gave a gas sample containing over 40 % of water vapour. At this temperature the rate of reaction, although much slower than a t 700° C, was nevertheless beginning to be appreciable. At 700° C, owing to the much greater rate of reaction, it was more difficult to obtain evidence, but even at this temperature a ininimum of 9 % of water vapour was found in a sample of gas which was allowed to collect after 2 min. evacuation following a saturation of the charcoal as before.
The presence of certain amounts of C 02 has been disclosed in the various analyses quoted. In table 4 the two early samples had a ratio of C 02 to CO of 1 to 3*7, whereas the two late samples had a ratio of less than 1 in 20. In run 199 the proportion of C 02 to CO was 1 to 2-2. No special study was made of the conditions of formation of C 02, nor was the adsorption measured. I t is most probably formed as the result of the secondary reaction CO + H 20 = C 02 + H 2. The amounts formed were in no case sufficient to obscure the observations th at were being made on the main reaction.
D i s c u s s i o n o f r e s u l t s
A general explanation of the low-pressure reaction in terms of the measured adsorption data has already been given a t the beginning of the paragraph headed 'R esults', and need not be repeated here.
In what follows, the word adsorption will be used for a strictly reversible process, which will be clearly distinguished from an irreversible sorption. I t has been shown th at both the products, H 2 and CO, and the reactants, water vapour, are reversibly adsorbed up to at least 700° C. The fact th at the sorption of water vapour is reversible is of interest from the point of view of the mechanism of sorption at these relatively high temperatures. Sorption at these temperatures is often considered to involve dissociation of the molecule into atom s: if, however, the sorption of H 20 is reversible such a dissociation would in this case seem to be most unlikely in view of the known very high rates of reaction of such gases as 0 2 and N 20 with charcoal at these temperatures. I t would appear, in fact, th at forces must exist which hold the complete molecules H 20, CO and H 2 on the surface in such a manner th at they can easily be desorbed again into the gas phase.
In considering the bearing of the present results on the steam-carbon reaction a t higher pressures reference is made to the comprehensive work of Gadsby, Sykes & Hinshelwood (1946) . In this work, which was carried out a t steam pressures of from 100 to 760 mm., it is shown th a t the rate of reaction is given by an expression of the form of
where p x = partial pressures of H 20 , and p 2 = partial pressures of H 2. This formula corresponds to a reaction th a t a t high steam pressures approaches zero order with regard to steam, and is retarded by hydrogen. Now such a reaction formula can easily be accounted for on the basis of the present results. One of the principal points established here is the slowness of the desorption of the CO, compared with other stages of the reaction. Thus at 700° C the desorption of CO was found to take many minutes, while the adsorption of H 20 was largely completed in a fraction of a minute. Qualitatively, therefore, the reaction may be expected to be controlled by the slow desorption of CO and to approach zero order a t higher pressures. The strong adsorption of H 2, which was demonstrated, would account for the retardation by H 2, although to complete the evidence for this it would be desirable to show th at the adsorption of H 2 reduces the amount of H 20 which can be adsorbed.
Quantitatively it is possible to deduce a formula for reaction rate on the basis of such a mechanism, assuming, th at is to say, reversible adsorption of H 20 and H 2, reaction of adsorbed H 20 to adsorbed CO, followed by slow desorption of CO (owing to its weak adsorption the reverse reaction consisting of the adsorption of gaseous CO can be neglected). Let
H aO H a CO
fractions of surface covered be sx partial pressures of gases be p x p 2 -Then rate of desorption of CO = h6s3, and in the steady st rate of formation of CO from adsorbed H aO, which equals k5sx (k5, k6, etc., being appropriate constants). h6s3 = h5sx.
Tor H20 , rate of adsorption = rate of desorption + rate of reaction to CO: 
